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PRECIPITATION HARDENABLE MARTENS ITIC STAINLESS STEEL 

The present invention is concerned with the precipitation- 
hardenable martensitic chromium-nickel stainless steels, 
more especially those which are hardenable in a simple heat- 
treatment. More particularly, the concern is with the marten- 
sitic chromium-nickel stainless steels which are hardened by 
a simple heat-treatment at comparatively low temperature. 

One of the objects of the invention is the provision of a 
martensitic chromium-nickel stainless steel which works well 
not only in the steelplant during e.g rolling and drawing 
but also in the form of rolled and drawn products, such as 
strip and wire, readily lends itself to a variety of forming 
and fabrication operations, such as straightening, cutting, 
machining, punching, threading, winding, twisting, bending 
and the like. 

Another object is the provision of a martensitic chromium- 
nickel stainless steel which not only in the rolled or drawn 
condition but also in a hardened and strengthened condition 
offers very good ductility and toughness. 

A further object of the invention is the provision of a mar- 
tensitic chromium-nickel stainless steel which, with its 
combination of very high strength and good ductility, is 
suitable for forming and fabrication of products such as 
springs, fasteners, surgical needles, dental instruments, 
and other medical instruments, and the like. 

Other objects of the invention will in part be obvious and 
in part pointed out during the course of the following 
description. 
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Presently, many types of alloys are used for the forming 
and fabrication of the above mentioned products. Some of 
these alloys are martensitic stainless steels , austenitic 
stainless steels, plain carbon steels and precipitation- 
hardenable stainless steels. All these alloys together 
offer a good combination of corrosion resistance, strength, 
formability and ductility, but one by one they have disadvan- 
tages and can not correspond to the demands of today and in 
future on alloys used for the production of the above men- 
tioned products. The demands are better material properties 
both for the end-user of the alloy, i.e. higher strength in 
combination with good ductility and corrosion resistance , 
and for the producer of the semi-finished products, such as 
strip and wire, and the producer of the finished products, 
mentioned above, i.e, properties such as e.g. that the mate- 
rial readily can be formed and fabricated in the meaning 
that the number of operations can be minimized and standard 
equipment can be used as long as possible, for the reduction 
of production cost and production time. 

Martensitic stainless steels, e.g. the AISI 420-grades, can 
offer strength, but not in combination with ductility. Auste- 
nitic stainless steels, e.g. the AISI 300-series, can offer 
good corrosion-resistance ih combination With high strength 
and for some applications acceptable ductility, but to 
achieve the high strength a heavy cold-reduction is needed 
and this means that also the semifinished product must have 
a very high strength and this further means that the form- 
ability will be poor. Plain carbon steels have a low corro- 
sion resistance, which of course is a great disadvantage if 
corrosion resistance is required. For the last group, precip- 
itation - hardenable stainless steels, there are numerous 
different grades and all with a variety of properties, Howev- 
er, they do have some things in common, e.g. most of them 
are vacuum - melted in a one-way or more commonly a two-way 
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process in which the second step is a remelting under vacuum 
- pressure. Furthermore a high amount of precipitation - 
forming elements such as aluminium, niobium, tantalum and 
titanium is required and often as combinations of these ele- 
ments. With "high", is meant >1.5 %. A high amount is benefi- 
cial for the strength, but reduces the ductility and 
formability. One specific grade that is used for the above 
mentioned products and which will be referred to in the 
description is according to United States Patent No 3408178, 
now expired. This grade offers an acceptable ductility in 
the finished product, but in combination with a strength of 
only about 2000 N/mm 2 . It also has some disadvantages dur- 
ing production of semi-finished products, e.g. the steel is 
susceptible to cracking in annealed condition. 

A purpose with the research was therefore to invent a steel- 
grade which is superior to the grades discussed above. It 
will not require vacuum-melting or vacuum- remelting, but 
this can of course be done in order to achieve even better 
properties. It will also not require a high amount of alumi- 
nium, niobium, titanium, or tantalum or combinations thereof 
, and yet it will offer good corrosion resistance, good duc- 
tility, good formability and in combination with all this, 
an excellent high strength, up to about 2500-3000 N/mm 2 or 
above, depending on the required ductility. 

It is therefore an object of the invention to provide a 
steel alloy which will meet the requirements of good corro- 
sion resistance, high strength in the final product and high 
ductility both during processing and in the final product. 
The invented steel grade should be suitable to process in 
the shape of wire, tube, bar and strip for further use in 
applications such as dental and medical equipment, springs 
and fasteners. 
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The requirement of corrosion resistance is met by a basic 
alloying of about 12% chromium and 9% nickel. It has been 
determined in both a general corrosion test and a critical 
pitting corrosion temperature test that the corrosion resist- 
ance of the invented steelgrade is equal to or better than 
existing steelgrades used for the applications in question. 

With a content of copper and especially molybdenum higher 
than 0.5%, respectively, it is expected that a minimum of 
10% or usually at least 11% chromium is necessary to provide 
good corrosion resistance. The maximum chromium content is 
expected to be 14% or usually at the most 13%, because it is 
a strong ferrite stabilizer and it is desirable to be able 
to convert to austenite at a preferably low annealing temper- 
ature, below 1100°C. To be able to obtain the desired mar- 
tensitic transformation of the structure, an original 
austenitic structure is required. High amounts of molybdenum 
and cobalt, which have been found to be desirable for the 
tempering response, result in a more stable ferritic struc- 
ture and therefore, the chromium content should be maximized 
at this comparatively low level. 

Nickel is required to provide an austenitic structure at the 
annealing temperature and with regard to the contents of 
ferrite stabilizing elements a level of 7% or usually at 
least 8% is expected to be the minimum. A certain amount of 
nickel is also forming the hardening particles together with 
the precipitation elements aluminium and titanium. Nickel is 
a strong austenite stabilizer and must therefore also be 
maximized in order to enable a transformation of the struc- 
ture to martensite on quenching or at cold working. A maxi- 
mum nickel level of 11% or usually at the most 10% is 
expected to be sufficient. Molybdenum is also required to 
provide a material that can be processed without 
difficulties. The absence of molybdenum has been found to 
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result in a susceptibility to cracking. It is expected that 
a minimum content of 0.5% or often 1.0% is sufficient to 
avoid cracking, but preferably the content should be exceed- 
ing 1.5%. Molybdenum also strongly increases tempering 
response and final strength without reducing the ductility. 
The ability to form martensite on quenching is however 
reduced and it has been found that 2% is sufficient and 4% 
insufficient. Using this much molybdenum cold-working is 
required for martensite formation. It is expected that 6% or 
often 5% is a maximum level of molybdenum to be able to get 
sufficient amount of martensite in the structure and conse- 
quently also desired tempering response, but preferably the 
content should be less than about 4.5%. 

Copper is required to increase both the tempering response 
and the ductility. It has been found that an alloy with 
about 2% copper has very good ductility compared with alloys 
without an addition of copper. It is expected that 0.5% or 
often 1.0% is sufficient for obtaining good ductility in a 
high strength alloy. The minimum content should preferably 
be 1.5%. The ability to form martensite on quenching is 
slightly reduced by copper and together with the desired 
high amount of molybdenum it is expected that 4% or often 3% 
is the maximum level for copper to enable the structure to 
convert to martensite, either on quenching or at cold- 
working. The content should preferably be kept below 2.5%. 

Cobalt is found to enhance the tempering response, especial- 
ly together with molybdenum. The synergy between cobalt and 
molybdenum has been found to be high in amounts up to 10% in 
total. The ductility is slightly reduced with high cobalt 
and the maximum limit is therefore expected to be the maxi- 
mum content tested in this work, which is about 9% and in 
certain cases about 7%. A disadvantage with cobalt is the 
price. It is also an element which is undesirable at 
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stainless steelworks. With respect to the cost and the stain- 
less metallurgy it is therefore preferable to avoid alloying 
with cobalt. The content should generally be at the most 5%, 
preferably at the most 3%. Usually the content of cobolt is 
max 2%, preferably max 1%. 

Thanks to the alloying with molybdenum and copper and when 
desired also cobalt, all of which enhance the tempering 
response , there is no need for a variety of precipitation 
hardening elements such as tantalum/ niobium, vanadium and 
tungsten or combinations thereof. Thus, the content of 
tantalum, niobium, vanadium and tungsten should usually be 
at the most 0.2%, preferably at the most 0.1%. Only a compar- 
atively small addition of aluminium and titanium is 
required. These two elements form precipitation particles 
during tempering at a comparatively low temperature. 425°C 
to 525°C has been found to be the optimum temperature 
range. The particles are in this invented steelgrade expect- 
ed to be of the type *2 -Ni 3 Ti and/3-NiAl. Depending on the 
composition of the alloy, it is expected that also molybde- 
num and aluminium to some extent take part in the precipita- 
tion of *l -particles in a way that *a mixed particle of the 
type *2 ~ N i 3 < Ti > A1 f M °) is formed. 

During the processing and testing of the trial-alloys a dis- 
tinct maximum limit for titanium has been determined to be 
about 1.4%, often about 1.2% and preferably at the most 
1.1%. A content of 1.5% titanium or more results in an alloy 
with low ductility. An addition of minimum 0.4% has been 
found to be suitable if a tempering response is required and 
it is expected that 0.5% or more often 0.6% is the realistic 
minimum if a high response is required. The content should 
preferably be at the minimum 0.7%. Aluminium is also 
required for the precipitation hardening. A slight addition 
up to 0.4% has been tested with the result of increased 
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tempering response and strength, but no reduction of ductili- 
ty. It is expected that aluminium can be added up to 0.6% 
often up to 0.55% and in certain cases up to 0.5% without 
loss of ductility. The minimum amount of aluminium should be 
0.05%, preferably 0.1%. If a high hardening response is 
required the content usually is minimum 0.15%, preferably at 
least 0.2%. 

All the other elements should be kept below 0.5%. Two ele- 
ments that normally are present in a iron - based steelwork 
are manganese and silicon. The raw material for the steel 
metallurgy most often contains a certain amount of these two 
elements. It is difficult to avoid them to a low cost and 
usually they are present at a minimum level of about 0.05%, 
more often 0.1%. It is however desirable to keep the con- 
tents low, because high contents of both silicon and manga- 
nese are expected to cause ductility problem. Two other 
elements that ought to be discussed are sulphur and phospho- 
rus. They are both expected to be detrimental for the ductil- 
ity of the steel if they are present at high contents. 
Therefore they should be kept below 0.05%, usually less than 
0.04% and preferably less than 0.03%. A steel does always 
contain a certain amount of inclusions of sulphides and 
oxides. If machinability is regarded as an important proper- 
ty, these inclusions can be modified in composition and 
shape by addition of free cutting additives, such as e.g. 
calcium, cerium and other rare - earth - metals. Boron is an 
element that preferably can be added if good hot workability 
is required. A suitable content is 0.0001 - 0.1%. 

To summarize this description, it has been found that an 
alloy with the following chemistries meets the requirements. 
The alloy is an iron base material in which the chromium 
content varies between about 10% to 14% by weight. Nickel 
content should be kept between 7% to 11%. To obtain high 
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tempering response in combination with high ductility the 
elements molybdenum and copper should be added and if 
desired also cobalt. The contents should be kept between 
0.5% to 6% of molybdenum, between 0.5% to 4% of copper and 
up to 9% of cobalt. The precipitation hardening is obtained 
at an addition of between 0.05 to 0.6% aluminium and between 
0.4 to 1.4% titanium. The contents of carbon and nitrogen 
must not exceed Q.05%, usually not 0.04% and preferably not 
0.03%. The remainder is iron. All other elements of the peri- 
odic table should not exceed 0.5%, usually not 0.4% and pref- 
erably be at the most 0.3%. 

It has been found that an alloy according to this descrip- 
tion has a corrosion resistance equal to or even better than 
existing steelgrades used for e.g. surgical needles. It also 
lends itself to be processed without difficulties. It can 

also obtain a final strength of about 2500-3000 N/mm 2 or 

2 

above, which is approximately 500-1000 N/mm higher than 
existing grades used for e.g surgical needles such as AISI 
420 and 420F and also a grade in accordance with US Patent 
No 3408178. The ductility is also equal to or better than 
existing grades in question. The ductility measured as benda- 
bility is in comparison with AISI 420 approximately 200% 
better and in comparison with AISI 42 OF even more than 500% 
better. The twistability is also equal to or better than 
existing grades used for e.g. dental reamers. 

The conclusion is that this invented corrosion resistant 
precipitation hardenable martensitic steel can have a ten- 
sile strength of more than 2500 N/mm 2 , up to about 3500 
N/mm 2 is expected for the finer sizes, in combination with 
very good ductility and formability and sufficient corrosion 
resistance. 
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In the research for this new steelgrade which would meet 
the requirements of corrosion resistance and high strength 
in combination of high ductility , a series of trialmelts 
were produced and then further processed to wire as will be 
described below. The purpose was to invent a steel that does 
not require vacuum-melting or vacuum-remelting and therefore 
all melts were produced by melting in an air induction- 
furnace. 

In total 18 melts with various chemical compositions were 
produced in order to optimize the composition of the invent- 
ed steel. Some melts have a composition outside the inven- 
tion in order to demonstrate the improved properties of the 
invented steel in comparison with other chemical composi- 
tions, such as a grade in accordance with US Patent 3408178. 
The trial melts were processed to wire in the following 
steps. First they were melted in an air-induction furnace to 
7" ingot. Table I shows the actual chemical composition of 
each of the trialmelts tested for various performances. The 
composition is given in weight % measured as heat analysis. 
As can be seen, the chromium and nickel contents are kept at 
about 12 and 9% respectively. The reason for this is that it 
is known that this combination of chromium and nickel in a 
precipitation hardenable martensitic stainless steel means 
that the steel will have a good basic corrosion resistance, 
good basic toughness and the ability to transform into 
martensite either by cooling after heat-treatment in the 
austenitic region or at cold deformation of the material, 
such as wire drawing. The condition under which the 
martensite will be formed, on cooling or at cold deforma- 
tion, will be further pointed out when the material proper- 
ties for the processed wire are described below. The 
elements reported in Table I have all been varied for the 
purpose of the invention with iron as the remainder. 
Elements not reported have all been limited to maximum 0.5% 
for these trialmelts. 
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The ingots were all subsequently forged at a temperature of 
1160-1180°C with a soaking time of 45 min to size 0 87 
mm in four steps, 200x200 - 150x150 - 100x100 - 0 87 mm. 
The forged billets were water quenched after the forging. 
All melts were readily forgeable, except for one, No 16, 
which cracked heavily and could not be processed further. As 
can be seen in Table I this melt was the one with all con- 
tents for the varied elements at highest level within the 
tested compositions. It can therefore be stated that a mate- 
rial with a combination of alloying elements in accordance 
with alloy number 16 does not correspond to the purpose of 
the research and the combined contents are therefore at a 
distinct maximum limit. Next step in the process was extru- 
sion which was performed at temperatures between 
1150-1225°C followed by air-cooling. The resulting sizes 
of the extruded bars were 14.3, 19.0 and 24.0 mm. The size 
varies because the same press-power could not be used for 
the whole series of extrusion. . The extruded bars were there- 
after shaved down to 12.3, 17.0 and 22.0 mm respectively. 
The heavy sized bars were now drawn down to 13.1 mm and 
thereafter annealed. The annealing temperature varied 
between 1050°C and 1150°C depending on the contents of 
molybdenum and cobalt. The more molybdenum and cobalt, the 
higher temperature was used, because it was desired to 
anneal the trialmelts in the austenitic region in order to, 
if possible, form martens ite on cooling. The bars were air- 
cooled from the annealing temperature. 

One basic requirement of the invented steel is corrosion 
resistance. In order to test the corrosion resistance, the 
heats were divided into six different groups depending on 
the content of molybdenum, copper and cobalt. The six heats 
were tested in both annealed and tempered condition. The 
tempering was performed at 475°C and 4 hours of age. A 
test of critical pitting corrosion temperature (CPT) was 
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performed by potentiostatic determinations in NaCl-solution 
with 0.1 % Cl" and a voltage of 300 mV. The test samples 
KO-3 were used and six measurements each were performed. A 
test of general corrosion was also performed. A 10 % 
H 2 S0 4 -solution was used for the testing at two different 
temperatures, 20 or 30°C and 50°C. Test samples of size 
10 x 10 x 30 mm were used. 

Results from the corrosion tests are presented in Table II. 
Test samples from two of the heats, alloys No 2 and 12, 
showed defects and cracks in the surface and therefore all 
results from these two have not been reported in the table. 
The results from the general corrosion in 20°C and 30°C 
show that all these heats are better than e.g. grades 
AISI 420 and AISI 304, both of which have a corrosion rate 
of >1 mm/year at these temperatures. The CPT-results are 
also very good. They are better than or equal to e.g. grades 
AISI 304 and AISI 316. 

It is therefore concluded that the alloys described in this 
invention fulfil the requirements of corrosion resistance. 

The annealed bars in size 13.1 mm together with the extruded 
bars in size 12.3 mm were then drawn to the testsize 0.992 
mm via two annealing steps in 08.1 mm and 04.0 mm. The 
annealings were also here performed in the temperature range 
1050-1150°C and with a subsequent air-cooling. All melts 
performed well during wire-drawing except for two, No 12 and 
13. These two melts were brittle and cracked heavily during 
drawing. It was found that these two were very sensitive to 
the used pickling-method after the annealings. To remove the 
oxide, a hot salt-bath was used, but this salt-bath was very 
aggressive to the grain-boundaries in the two melts No 12 
and 13. No 12 cracked so heavily that no material could be 
produced all the way to final size. Melt No 13 could be 
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produced all the way, but only if the salt-bath was excluded 
from the pickling step, which resulted in an unclean sur- 
face. Compared with the other melts, these two have one 
thing in common and that is the absence of molybdenum. It is 
obvious that molybdenum makes these grades of precipitation 
hardenable martensitic stainless steel more ductile and less 
sensitive to production methods. 

If the two crack-sensitive heats are compared with each oth- 
er, it can be seen that the most brittle one has a much high- 
er titanium-content than the other. From this result and the 
fact that the melt that had to be scrapped during forging 
because of cracks also had a high titanium-content, it can 
be concluded that a high titanium-content makes the material 
inflexible regarding production methods and more susceptible 
to cracking. 

These two heats susceptible to cracking, are both correspond- 
ing to the earlier mentioned United States Patent No 
3408178. 

In order to test the material in two different conditions 
the wire-lots were divided in two parts, one of which was 
annealed at 1050°C and the other remained cold-worked. The 
annealed wire-lots were quenched in water -jackets. 

A high strength in combination with good ductility are essen- 
tial properties for the invented grade. A normal way of 
increasing the strength is by cold working, which induces 
dislocations in the structure. The higher dislocation densi- 
ty, the higher strength. Depending on the alloying, also 
martensite can be formed during cold working. The more 
martensite, the higher strength. For a precipitation harden- 
ing grade it is also possible to increase the strength by a 
tempering performed at relatively low temperatures. During 
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the tempering there will be a precipitation of very fine 
particles which strengthen the structure. 

To start with, the trialmelts were investigated regarding 
ability to form martensite. Martens ite is a ferromagnetic 
phase and the amount of magnetic phase was determined by 
measuring the magnetic saturation (5, with a magnetic bal- 
ance equipment. 

The formula 

% M, magnetic phase = &s 100 

was used, in which ^m was determined by 

6m=217. 75-12. 0*C-2. 40*Si-l. 90*Mn-3. 0*P-7. 0* 
S-3.0*Cr-1.2*Mo-6.0* N-2.6*A1 



By structure samples it was determined that no ferrite was 
present and therefore consequently % M is equal to % 
martensite. 

Both annealed and cold worked wire were tested and Table III 
shows the result. Some of the alloys do not form martensite 
on cooling, but they all transform into martensite during 
cold working. 

In order to be able to optimize strength and ductility the 
hardening response during tempering of the trial melts was 
investigated. Series of tempering at four different tempera- 
tures and two different aging times were performed between 
375°C and 525°C and aging time 1 and 4 hours followed by 
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air cooling. The tensile strength and the ductility were 
tested afterwards. The tensile testing was performed in two 
different machines, both of the fabricate Roell & Korthaus, 
but with different maximum limit, 20 KN and 100 KN. Results 
from two tests were registered and the mean value from those 
was reported for evaluation. The ductility was tested as 
bendability and twistability. Bendability is an important 
parameter for e.g. surgical needles. The bendability was 
tested by bending a short wire sample of 70 mm length in an 
angle of 60° over an edge with radius = 0.25 mm and back 
again. This bending was repeated until the sample broke. The 
number of full bends without breakage was registred and the 
mean value from three bend-test was reported for evaluation. 
Twistability is an important parameter for e.g. dental ream- 
ers and it was tested in an equipment of fabricate Mohr & 
Federhaff A.G., specially designed for testing of dental 
reamer wire. The used clamping length was 100 mm. 

The tensile strength (TS) in annealed and drawn condition is 
shown in Table IVa and b. In the tables there are also 
reported the maximum obtained strength with the belonging 
tempering performance in temperature and aging time. With 
regard to both strength and ductility also an optimized tem- 
pering performance has been determined. Both the strength 
and aging temperature and time are reported. The response in 
both the maximum and optimized tempering performances has 
also been calculated as the increase in strength. 

The ductility results for both annealed and drawn condition 
are reported in Table Va and Vb. The measured bendability 
and twistability for the corresponding maximum and optimized 
strength are reported. 

To fully understand the influence of composition on the 
properties of the invented precipitation hardenable 
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martensitic stainless steel it is convenient to compare 
results element by element. 

The basic alloying of 12 % Cr and 9 % Ni is obviously suit- 
able for the invented grade. As shown above , this combina- 
tion results in sufficiant corrosion resistance and the 
ability of the material to transform to martensite either by 
quenching or by cold working. 

To be able to optimize the composition of the invented grade 
and also to find realistic limits, the composition was var- 
ied between 0.4-1.6 % titanium, 0.0-0.4 % aluminium, 
0.0-4.1 % molybdenum, 0.0-8.9 % cobalt and finally 0.0-2.0 % 
copper. 

Both titanium and aluminium are expected to take part in the 
hardening of the invented steel by forming particles of the 
type 1-Ni 3 Ti and /*-NiAl during tempering. ^-Ni 3 Ti is an 
intermetallic compound of hexagonal crystal structure. It is 
known to be an extremely efficient strengthener because of 
its resistance to overaging and its ability to precipitate 
in 12 different directions in the martensite. NiAl is an 
ordered bcc-phase with a lattice parameter twice that of 
martensite. fb , which is known to show an almost perfect 
coherency with martensite, nucleates homogeneously and there- 
fore exhibits an extremely fine distribution of precipitates 
that coarsen slowly. 

The role of titanium has to some extent been discussed 
above. Neither of the two alloys with the highest titanium 
content have been able to be processed to fine wire. They 
have both shown a susceptibility to cracking during forging 
and drawing. It has been stated that the invented grade 
should be easy to process and therefore these two alloys 
have pointed out the acceptable maximum titanium content to 
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be 1.5 % and preferably somewhat lower. However, for con- 
tents below 1.5 % it is obvious that a high titanium content 
is preferable if a high strength is required. The tables 
above can be studied for alloy No 2, 3 and 4, which have the 
same alloying with the exception of titanium. They have all 
transformed on quenching to a high amount of martensite, but 
the higher the titanium, the less martensite is formed. The 
lower martensite content in the alloy with high titanium 
reduces the tempering response for this alloy in the 
annealed condition. For the other two alloys with approxi- 
mately the same martensite content it is obvious that titan- 
ium increases the tempering response and gives a higher 
final strength. The higher titanium the higher is also the 
work hardening rate during drawing. The tempering response 
in drawn condition is approximately the same. The final 
strength is therefore higher for increased titanium and a 
final strength of 2650 N/mm 2 is possible for a titanium 
content of 1.4 %. For the optimized tempering treatments it 
can be seen that all three alloys have acceptable ductility 
in annealed condition. It is obvious that a high titanium 
content reduces the bendability but improves the twistabili- 
ty in the drawn and aged condition. 

The role of aluminium can be studied in alloys No 2, 7, 8 
and 17. They have approximately the same basic alloying with 
the exception of aluminium. The alloy with low amount of 
aluminium has also somewhat lower content of titanium and 
the one with high amount of aluminium has also somewhat high- 
er content of titanium than the others. There is a clear 
tendency that the higher the aluminium content is, the high- 
er is also the tempering response in both annealed and drawn 
condition. The strength in drawn condition can be up to 
2466 N/mm 2 after an optimized tempering. The bendability 
is slowly decreasing for higher contents of aluminium after 
an optimized tempering in annealed condition. The 
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twistability is varying but at high levels. In drawn and 
tempered material , both the bendability and twistability are 
varying without a clear tendency. However, the one with high 
amount of aluminium shows good results in both strength and 
ductility. The role of aluminium can also be studied in 
alloy No 5 and 11. They both have a higher content of 
molybdenum and cobalt, but differ in aluminium. They both 
have a very low tempering response and strength in annealed 
condition, because of the absence of martensite. In drawn 
condition they both show a very high tempering response, up 
to 950 N/mm 2 . The one with higher amount of aluminium 
shows the highest increase in strength. The final strength 
is as high as 2760 N/mra 2 after an optimized tempering 
which results in acceptable ductility. The ductility in 
drawn and aged condition is approximately the same for the 
two alloys. 

The role of molybdenum and cobalt have briefly been dis- 
cussed above and this can be further studied in alloy No 2, 
5 and 6. It can be seen in the tables that only the alloy 
with low amounts of molybdenum and cobalt gets a tempering 
response in annealed condition. This is explained by the 
absence of martensite in the two alloys with higher amounts 
of molybdenum and cobalt. Ih drawn condition it is the oppo- 
site. A high level of molybdenum and cobalt results in an 
extremely high tempering response, up to 1060 N/mm 2 maxi- 
mum and in a optimized tempering still as high as 

920 N/mm 2 . A final strength of 3060 N/mm 2 is the maximum 
2 

and 2920 N/mm the optimum with regard to ductility. It is 
obvious that an increase of both molybdenum and cobalt is 
more effective in enhancing the tempering response than an 
increase of cobalt only. The ductility in drawn and tempered 
condition is acceptable and with regard to the strength even 
very good, especially for the medium high alloy. 
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The role of copper can be studied in alloy 2 and 15 , which 
have the same alloying with the exception of copper. The 
behaviour of alloy 15 must however be discussed before the 
comparison. When this alloy was investigated in annealed 
condition, it was found that the tempering response varied a 
lot in different positions of the tempered coil. This phenom- 
enon is most probably explained by a varying amount of 
martensite within the quenched wire coil. The conclusion is 
that the composition of this alloy is on the limit for 
martensite transformation on quenching. In the tables this 
has given the somewhat confusing result of .10 % martensite 
and yet a high tempering response. The properties should 
therefore only be compared in drawn condition. It is obvious 
that a high copper content increases the tempering response 
drastically and a final strength of 2520 N/mm 2 is the 
result in the optimized tempering. The bendability and twist- 
ability are both very good in the drawn and tempered condi- 
tion for the alloy with high copper content. 

From the results so far it can be concluded that molybdenum, 
cobalt and copper activate the precipitation of Ti and Al~ 
particles during tempering if the structure is martensitic. 
Different compositions of these elements can be studied in 
alloy 8, 13 and 14, which all have the same aluminium and 
titanium contents. The alloy with no molybdenum or cobalt 
but high amount of copper showed brittleness in annealed 
condition for several tempering performances. For some of 
them, however, ductility could be measured. This alloy 
showed the highest tempering response of all trial melts in 
annealed condition, but also the worst bendability. Further- 
more, this alloy also has the lowest work hardening rate. 
The tempering response is high also in drawn condition, but 
the final strength is low, only 2050 N/mm 2 after the 
optimized tempering and the ductility in this condition is 
therefore one of the best. The alloy with high contents of 
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molybdenum and copper but no cobalt does not form martensite 

on quenching and consequently the tempering response is very 

low. The tempering response in drawn condition is high and 

2 

results in a final optimized strength of 2699 N/mm . The 

ductility is also good. The last alloy with no copper but 

both molybdenum and cobalt gets a high tempering response in 

annealed condition, but with low bendability. The tempering 

response is lower. in drawn condition. The final optimized 

2 

strength is 2466 N/mm and the ductility is low compared 
with the other two. 

Thus, it can be concluded that both titanium and aluminium 

are beneficial to the properties. Titanium up to 1.4% 

increases the strength without an increased susceptibility 

to cracking. The material also lends itself to be processed 

without difficulties. Aluminium is. here tested up to 0.4%. 

An addition of only 0.1% has been found to be sufficient for 

2 

an extra 100-150 N/mm in tempering response and is there- 
fore preferably the minimum addition. An upper limit has 
however not been found. The strength increases with high 
content of aluminium, but without reducing the ductility. 
Probably, an amount up to 0.6% would be realistic in an 
alloy with titanium added up to 1.4%, without a drastic loss 
of ductility. It can also be concluded that copper strongly 
activates the tempering response without reducing the ductil- 
ity. Copper up to 2% has been tested. No disadvantage with 
higher amounts of copper has been found, with the exception 
of the increased difficulty to transform to martensite on 
quenching. With higher copper content than 2% a cold working 
must be performed before tempering. Copper in contents up to 
4% is probably possible to add to this precipitation hardena- 
ble martensitic steel. Molybdenum is evidently required for 
this basic composition. Without an addition of molybdenum 
the material is very susceptible to both cracking during 
processing and brittleness after tempering in annealed condi- 
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tion. Molybdenum contents up to 4.1% have been tested. A 
high amount of molybdenum reduces the ability to form 
martensite on quenching. Otherwise, only benefits have been 
registered, i e an increased strength without reduction of 
ductility. The realistic limit for molybdenum is the content 
at which the material will not be able to form martensite at 
cold-working. Contents up to 6% would be possible to use for 
this invented steel. Cobalt together with molybdenum strong- 
ly increases the tempering response. A slight reduction of 
ductility is however the result with a content near 9%. 

In the manufacture of medical and dental as well as spring 
or other applications, the alloy according to the invention 
is used in the making of various products such as wire in 
sizes less than 0 15 mm, bars in sizes less than 0 70 
mm, strips in sizes with thickness less than 10 mm, and 
tubes in sizes with outer diameter less than 450 mm and 
wall-thickness less than 100 mm. 
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Alloy Heat 



number 


number 


Cr 


Ni 


Mo 


Co 


Cu 


Al 


Ti 


1 


654519 
















2 


654529 


11.94 


8.97 


2.00 


2.96 


.014 


.10 


.88 


3 


654530 


11.8 


9.09 


2.04 


3.01 


.013 


.12 


.39 


4 


654531 


11.9 


9.09 


2.04 


3.02 


.013 


.13 


1.43 


5 


654532 


11.8 


9.10 


4.01 


5.85 


.012 


.13 


.86 


6 


654533 


11.8 


9.14 


4.04 


8.79 


.011 


.12 


.95 


7 


654534 


11.9 


9.12 


2.08 


3.14 


.013 


<.003 .75 


8 


654535 


11.9 


9.13 


2.03 


3.04 


.014 


.39 


1.04 


9 


654536 
















10 


654537 
















11 


654543 


11.9 


9.14 


4.09 


5.97 


.014 


.005 


.86 


12 


654546 


11.8 


9.08 


<.01 


<.010 


2.03 


.006 


1.59 


13 


654547 


11.9 


9.13 


.01 


£.010 


2.03 


.35 


1.04 


14 


654548 


11.7 


9.08 


4.08 


<.010 


2.02 


.35 


1.05 


15 


654549 


11.9 


9.09 


2.10 


3.05 


2.02 


.14 


.93 


16 


654550 


11.6 


9.10 


4.06 


8.87 


2.02 


.31 


1.53 


17 


654557 


11.83 


9.12 


2.04 


3.01 


.012 


.24 


.88 


18 


654558 
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•TABLE II. 



Alloy Annealed condition Aged condition 





CPT 


General 


Corrosion 


CPT 


General 


Corrosion 








(mm/year) 






(mm/year) 




(°C) 


20°C 


30°C 50°C 


(°C) 


20°C 


30°C 50°C 


2 


71+15 






68+2 






6 


90+4 


0.2 


3.9 


32+7 


0.2 


7.1 


11 


94+2 


0.5 


13.5 


24+3 


0.8 


17.8 


12 


43+13 


0.6 


6.2 








14 


82+7 




0.7 4.1 


57+5 




0.1 2.0 


15 


42+18 


0.6 


7.5 


27+5 


0.3 


6.0 
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Alloy Annealed Cold worked 
condition condition 

%M %M 

2 80 90 

3 86 90 

4 67 86 

5 .01 87 

6 .01 85 

7 80 90 

8 79 88 
11 1.4 88 
12 

13 79 81 

14 1.6 83 

15 .10 86 
16 

17 77 89 
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Alloy Annealed Aged Aged Max Optimized Aging Aging 

max optimized response response °C/h °C/h 

TS TS TS TS TS max optimized 

(N/mm 2 ) (N/mm 2 ) (N/mm 2 ) (N/mm 2 ) (N/mm 2 ) 



2 


1040 


1717 


1665 


677 


625 


475/1 


525/1 


3 


1032 


1 ceo 
1558 


i e e o 
15 DO 


ROC 


C 0 C 


A*7 K / A 
H / Of H 


47«>/4 


4 


1063 


1573 


1573 


510 


510 


525/1 


525/1 


5 


747 


779 


779 


32 


32 


475/4 


475/4 


6 


805 


872 


872 


67 


67 


475/4 


475/4 


7 


988 


1648 


1527 


660 


539 


475/4 


525/1 


8 


1101 


1819 


1793 


718 


692 


475/4 


475/1 


11 


671 


708 


708 


37 


37 


525/4 


525/4 


12 














mm 


13 


1056 


1910 


1771 


854 


715 


475/4 


525/1 


14 


821 


867 


867 


46 


46 


525/4 


425/4 


15 


732 


1379 


1379 


647 


647 


425/4 


425/4 


16 
17 


1000 


1699 


1699 


699 


699 


475/4 


475/4 
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Alloy Drawn Aged Aged Max Optimized Aging Aging 

max optimized response response °C/h °C/h 

TS TS TS TS TS max optimized 

(N/mm 2 ) (N/mm 2 ) (N/mm 2 ) (N/mm 2 ) (N/mm 2 ) 



2 


2012 


2392 


2345 


380 


333 


425/1 


475/4 


3 


1710 


2080 


2040 


370 


330 


425/4 


475/1 


4 


2280 


2650 


2650 


370 


370 


475/1 


475/1 


5 


1930 


2880 


2760 


950 


830 


475/4 


425/4 


6 


2000 


3060 


2920 


1060 


920 


475/4 


425/4 


7 


2282 


2392 


2334 


110 


52 


475/4 


425/1 


8 


2065 


2532 


2466 


467 


401 


475/1 


475/4 


11 


1829 


2635 


2546 


806 


717 


525/4 


425/4 


12 
















13 


1370 


2190 


2050 


820 


680 


425/4 


475/4 


14 


1910 


2699 


2699 


789 


789 


475/4 


475/4 


15 


1780 


2610 


2520 


830 


740 


425/1 


475/1 


16 
















17 


1829 


2401 


2401 


572 


572 


475/4 


475/4 
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Annealed Aged Aged Annealed Aged Aged 

Alloy bendabi- bendabi- twist- twist- 

lity, lity, ability, ability, 

bend- max optimized twist- max optimi- 

ability TS TS ability TS zed TS 



9 
Z 


D m O 


? 7 


^ . w 


/XQ7 


19 


65 


3 


4.3 


5.0 


5.0 


85.3 


14.5 


14.5 


4 


4.0 


3.3 


3.3 


81.7 


37 


37 


5 


11.3 


19.3 


19.3 


109.5 


134.5 


134.5 


6 


16.0 


25.0 


25.0 


139.5 


134 


134 


7 


5.3 


3.0 


4.0 


99 


15 


45 


8 


4.7 


2.3 


2.7 


87 


18 


19 


11 


9.7 


13.7 


13.7 


>123 


>110 


>110 


12 














13 


3.3 


1.0 


2.3 


38.5 


26 


33.5 


14 


7.0 


8.7 


8.7 


107 


88 


88 


15 


9.0 


3.3 


3.3 


92 


25.5 


25.5 


16 
17 


5.3 


3.3 


3.3 


142 


15 


15 
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TABLE Vb 



Drawn Aged 
Alloy bendabi- 
lity, 
bend- max 
ability TS 



Aged 

bendabi- 

lity, 

optimized 

TS 



Drawn 



twist- 
ability 



Aged Aged 
twist- twist- 
ability, ability, 
max optimi- 
TS zed TS 



2 


3.3 


1.0 


2.0 


9 


8 


7 


3 


3.0 


3.0 


3.7 


17.7 


11.5 


9 


4 


1.0 


1.0 


1.0 


5.5 


26 


26 


5 


3.0 


2.0 


3.0 


35.5 


3 


22 


6 


3.7 


0.0 


2.3 


27.3 


0.0 


20 


7 


1.7 


2.0 


2.7 


12 


19 


24 


8 


1.3 


0.3 


2.0 


10 


2 


28 


11 


3.3 


2.0 


3.0 


29 


5 


24 


12 














13 


3.0 


2.7 


3.7 


11.5 


1.5 


31 


14 


2.0 


3.0 


3.0 


12 


26 


26 


15 


4.0 


2.3 


4.0 


16 


23 


24 


16 














17 


2.7 


3.0 


3.0 


8 


29 


29 
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A precipitation hardenable martens i tic stainless 
steel alloy comprising, in per cent by weight , 
about 10% to 14% chromium, between about 7% to 
11% nickel, molybdenum between about 0.5% to 6%, 
cobalt up to about 9%, copper between about 0.5% 
to 4%, aluminium between about 0.05% to 0.6%, 
titanium between about 0.4% to 1.4%, carbon and 
nitrogen not exceeding 0.05%, with iron as the 
remainder and the content of any other element of 
the periodic table not exceeding 0.5%. 

The alloy of claim 1 wherein the amount of 
cobalt is up to about 6%. 

The alloy of any preceding claim wherein the 
amount of copper is about 0.5% to 3%. 

The alloy of any preceding claim wherein the 
amount of molybdenum is between about 0.5% to 
4.5%. 

The alloy of any preceding claim wherein the 
amount of copper is between about 0.5% to 2.5%. 

The alloy of any preceding claim wherein the 
alloy is used in the manufacture of medical and 
dental applications. 

The alloy of any of claims 1-5 wherein the alloy 
is used in the manufacture of spring applica- 
tions . 
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The alloy of any of claims 1-5 wherein the alloy 
is used in the production of wire in sizes less 
than 015 mm. 

The alloy of any of claims 1-5 wherein the alloy 
is used in the production of bars in sizes less 
than 070 mm. 

The alloy of any of claims 1-5 wherein the alloy 
is used in the production of strips in sizes with 
thickness less than 10 mm. 

The alloy of any of claims 1-5 wherein the alloy 
is used in the production of tubes in sizes with 
outer diameter less than 450 mm and wall- 
thickness less than 100 mm. 
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